Organic pollutants in water and wastewater have been causing serious environmental problems. The arbitrary discharge of wastewater by industries, and handling, use, and disposal constitute a means by which phenols, flame retardants (FRs), phthalates (PAEs) and other toxic organic pollutants enter the ecosystem. Moreover, these organic pollutants are not completely removed during treatment processes and might be degraded into highly toxic derivatives, which has led to their occurrence in the environment. Phenols, FRs and PAEs are thus highly toxic, carcinogenic and mutagenic, and are capable of disrupting the endocrine system. Therefore, investigation to understand the sources, pathways, behavior, toxicity and exposure to phenols, FRs and PAEs in the environment is necessary.
INTRODUCTION
Wastewater and water contamination results from industrial activities, rainwater runoff and domestic activities (Ayanda & Akinsoji ) . Industrial processes involve the production and release of huge quantities of organic pollutants in one form or other into the aquatic and terrestrial environment. Industrial practices produce wastewater that usually contains high concentrations of both the inorganic and organic pollutants such as heavy metals, persistent organic pollutants (POPs), recalcitrant organic contaminants, endocrine disrupting chemicals (EDCs; chemicals that mimic or block the activity of natural hormones in humans and aquatic wildlife, thus disrupting their reproductive systems (Joseph et al. ) ), carboxylic acids, phenols, carbonyls, amines, hydrogen sulphide and other harmful gases, which does not conform to environmental standards and hence requires treatment prior to discharge into the environment. Wastewater generated from coal coking, coal gas purification and byproduct recovery processes of coking contains complex inorganic and organic pollutants which are refractory, toxic, mutagenic and carcinogenic (Zhang et al. ) . Domestic wastewater contains organic matters and nutrients, and may also contain phthalates (PAEs) (Huang et al. b) . Benner et al. () provided a summary of the reported occurrence of micropollutants detected in raw water as well as in treated water. These organic pollutants are not completely removed during water and wastewater treatment processes or might be degraded into other byproducts that are sometimes more toxic than the parent compounds; this has led to their occurrence in the environment after discharge from treatment plants. The increasing use of phenols, flame retardants (FRs) and PAEs worldwide has also raised environmental and health concerns due to their ability to disrupt the endocrine system. Therefore, the total removal of organic pollutants from wastewater is required before discharging the treated wastewater to the environment, while drinking water should be well treated before consumption. This paper will give an overview of recent studies on phenols, FRs and PAEs in water and wastewater. acid). Coal tar remained the primary source until the development of the petrochemical industry. In 1836, Auguste Laurent coined the name 'phène' for benzene; this is the root of the word 'phenol' and 'phenyl'. In 1843, French chemist Charles Gerhardt coined the name 'phénol' (Thompson & Welsh ) . In 1841, the French chemist Auguste Laurent obtained phenol in pure form (Swarts et al. ) .
Phenols or hydroxybenzene, and also referred to as phenolics, are a class of aromatic organic compounds consisting of one or more OH groups bonded directly to an aromatic hydrocarbon. Phenol is a colorless, crystalline substance of characteristic odor, soluble in water and organic solvents (Michałowicz & Duda ) . Phenols are important raw materials and additives for laboratory, industrial, engineering, wood and plastics processes. Phenols of anthropogenic origin exist in the environment due to the activity of chemicals, petrol, tinctorial or pharmaceutical industries (Michałowicz & Duda ) . The occurrence of phenols in the environment could further be attributed to the production and use of pesticides, particularly phenoxy herbicides such as 2,4-dichlorophenoacetic acid (Rozanski ) or 4-chloro-2-methylphenoxyacetic acid and also phenolic biocides such as pentachlorophenol (PCP) (Laine & Jorgensen ), disoneb or diaryl-ether pesticides (Schmidt ) . Phenols and p-cresol could originate naturally through the degradation of humic substances, tannins and lignins or synthesis of chlorinated phenols by fungi and plants (Swarts et al. ) . Phenols can be obtained in a reaction between chlorobenzene and sodium hydroxide, toluene oxidation and synthesis from benzene and propylene (Michałowicz & Duda ) . Global industrial usage of phenols includes production of alkylphenols, cresols, xylenols, phenolic resins, aniline and other organic compounds (Bobranski ), oil, coal processing and metallurgic processes (Bruce et al. ) , and production of pesticides, explosives, dyes and textiles (Budavari ) . Phenols are readily absorbed following inhalation, ingestion and skin contact, and are widely distributed in the body (Barlow & Johnson ) . Certain phenols are endocrine disruptors, carcinogenic and mutagenic. The structures of 11 phenols considered priority pollutants by the United States Environmental Protection Agency (USEPA) are shown in Figure 1 . Others include bisphenol A (BPA), 4-chlorophenol, nonylphenol (NP), 4-octylphenol (OP) and 4-nitrophenol.
BPA
BPA is an EDC of xenobiotic origin that has been widely used for the production of polycarbonate (PC) and epoxy resins used as coatings in food containers (Staples et al. ; Mahata et al. ) and beverage cans. Brominated bisphenols, like tetrachlorobisphenol, in considerable concentrations are present in ashes produced during aluminum processing (Stachei et al. ) . Consequently, there is great concern regarding the harmful effect that results from BPA leaching into foods and beverages from packaging or storage containers (Cooper et al. ) . For instance, a high concentration of BPA and F (2.0-33.3 mg/kg) found in honey was attributed to its packaging with rubber products and plastic stretch film materials (Brede et al. ) . High concentrations of BPA were also found in fluids that were in contact with PC bottles intended for infants. Moreover, patients on kidney dialysis may receive elevated exposures to BPA as a result of the use of PC components in the equipment (Ritu et al. ) . BPA is also used in powder paints, as additives in thermal paper, in dental fillings, as an inert ingredient in pesticides, as a fungicide, as FRs, as rubber chemical and polyvinyl chloride (PVC) stabilizer, and as antioxidants in plastics (Rodriguez-Mozaz et al. ). BPA enters the environment through leaching from final products and during manufacturing processes, and the release of BPA into streams and rivers occurs mainly via discharges of sewage treatment plants (Rodriguez-Mozaz et al. ) . Humans are also exposed to BPA by dust inhalation and dermal contact (Michałowicz ) . BPA has been identified as an exogenous agent that interferes with synthesis, secretion, transport, binding, action or elimination of natural hormones in the body that are responsible for the maintenance of homeostasis, reproduction or behavior (USEPA ; Umar et al. ) and has been found to possibly cause cancer (Muñoz-de-Toro et al. ). Staples et al.
() carried out a detailed review of the environmental fate, effects, and exposures of BPA while Michałowicz () reviewed the sources, toxicity, exposure and biotransformation of BPA.
NP, OP and 4-chlorophenol
NP and OP are emerging EDCs; they are the precursors in the production of non-ionic surfactants used in detergents emulsifiers, wetting agents, dispersants or solubilizers (Selvaraj et al. ) . The degradation of alkylphenol polyethoxylates in the environment results in NP and OP; these two are therefore more toxic than alkylphenol polyethoxylates (Selvaraj et al. ) . NP is used as precursors in the manufacture of antioxidant and lubricating oil additives and it is the major degraded metabolite of nonylphenol ethoxylates (Lee et al. ) . The structure of NP is similar to estradiol (E2); hence, it is also able to imitate E2 by competing for the binding site of the estrogen receptor (Lee & Lee ; Lee et al. ) . NP and OP can enter the environment via treated wastewater effluents and direct discharge from pesticide applications, while human exposure to NP and OP can occur via drinking water and food consumptions (Chen et al. ) . 4-Chlorophenol is generated as a by-product in plastic, paper making, insecticidal and petrochemical industries. It is carcinogenic and mutagenic to aquatic life and mammals, including human beings.
Toxicity of phenol
Phenol and its vapors are corrosive to the eyes, the skin, and the respiratory tract. Its corrosive effect on skin and mucous membranes is due to a protein-degenerating effect (Michałowicz & Duda ). Repeated or prolonged skin contact with phenol may cause dermatitis, or even second-and third-degree burns. Inhalation of phenol vapor may cause lung edema. The substance may cause harmful effects on the central nervous system and heart, resulting in dysrhythmia, seizures, and coma. The kidneys may be affected as well. Long-term or repeated exposure of the substance may have harmful effects on the liver and kidneys. There is no evidence that phenol causes cancer in humans. Besides its hydrophobic effects, another mechanism for the toxicity of phenol may be the formation of phenoxyl radicals (IARC ).
Since phenol is absorbed through the skin relatively quickly, systemic poisoning can occur in addition to the local caustic burns. Resorptive poisoning by a large quantity of phenol can occur even with only a small area of skin, rapidly leading to paralysis of the central nervous system and a severe drop in body temperature. The LD 50 for oral toxicity is 300-500 mg/kg for dogs, rabbits, or mice; the minimum lethal human dose was cited as 140 mg/kg. Toxic influence of organic compounds such as phenols depends on several factors. The ability of phenol to penetrate organisms depends on diffusion of the compounds across a cell membrane. Hydrophobicity is a factor that strongly affects diffusionthe higher the hydrophobicity the more effective penetration of a cell's membrane by phenoland thus enhances the toxicity of xenobiotics. The pK a (acid dissociation constant) is a strong parameter in the toxic effects of phenol. The increase of hydrophobicity and the value of log P (partition coefficient), and the decrease of pK a value result in more effective membrane penetration by xenobiotics and thus enhance their toxicity (Moridani et al. ) . Moreover, another factor that determines toxicity of phenol is the reactivity of the compound with a cell's biomolecules, which is related to easiness of donation of free electrons by phenols from oxidized substrate
PAEs
PAEs or phthalate esters are esters of phthalic acid. PAEs are hazardous pollutants due to their mutagenicity and carcinogenicity and have been classified as EDCs. Higher molecular weight PAEs are mainly used as additives and plasticizers (Barreca et al. ) to soften PVC, rubber, cellulose and styrene products while the lower molecular weight PAEs are used as components of industrial solvents, adhesives, wax, ink, pharmaceutical products, insecticide materials, and cosmetics (Koniecki et al. ) . PAE esters are poorly water-soluble but are readily sequestered or absorbed by organic residues and solid surfaces in environmental water systems. Moreover, PAE esters are colorless liquids, have low volatility, and are poorly soluble in water but soluble in organic solvents and oils (Autian ). The general chemical structure of PAEs is presented in Figure 2 .
PAEs are physically bound to the matrices and may be leached into the environment; they are universally found in environmental matrices (Orecchio et al. ) . Since one of the starting materials for the manufacture of PAE esters is phthalic anhydride, it is important to recognize the toxic nature of the agent. Phthalic anhydride is a solid crystalline and is slightly soluble in water (Autian ). It has been reported that PAEs may be involved in reprotoxicity, carcinogenesis, cardiotoxicity, hepatotoxicity and nephrotoxicity and may influence immune and allergic responses in animals (Gimeno et al. ) .
FRs
FRs are chemicals that are added to many consumer products including plastics, electronics, textiles, cushioning foams for furniture, automobile interiors and other materials to prevent fire. Examples of FRs are polybrominateddiphenyl ethers (PBDEs), tetrabromophthalate, hexabromocyclododecane, tetrabromobisphenol A, tetrabromobenzoate, melamine, chlorinated paraffins, tributyl phosphate and triphenyl phosphate. FRs are broadly classified into three major groups, namely brominated flame retardants (BFRs), phosphorousbased FRs and inorganic FRs (usually magnesium and aluminum hydroxides). Among these three groups, the halogenated organics and organophosphorus FRs are of great concern to the public due to their environmental persistence and toxicity.
PBDEs
PBDEs are organobromine compounds that are used as FRs and have been used in building materials, electronics, furnishings, motor vehicles, airplanes, plastics, polyurethane foams, textiles and other materials. The chemical structure of PBDEs is presented in Figure 3 . PBDEs are lipophilic, toxic, resistant to chemical and biological metabolism, bioaccumulative and persist in the environment.
PBDEs have been detected in water, soil, air, sediments, marine organisms, birds that feed on fish, human blood, adipose tissue and breast milk ( Chlorinated FRs in wastewater. Chlorinated phosphate esters belong to the group of organophosphorus compounds, which had a market share of 58,000 metric tons in the United States in 2001 with a worldwide consumption of 186,000 tons (ERFA ). Commonly used aliphatic chlorinated trisphosphates are tris(2-chloroethyl-)phosphate (TCEP), tris(1chloro-2-propyl)phosphate (TCPP), and TDCPP. The occurrence of TCPP in raw sewage has been reported to show great day-to-day variation, with lower concentrations during weekends (Meyer & Bester ) . Several studies showed that chlorinated alkyl-phosphates were poorly eliminated during wastewater treatment and tend to pass through the biological processes unaffected (Meyer & Bester ) . The TCEP, TCPP and TDCPP chlorinated FRs exhibit modest hydrophobicity with log K ow (octanol-water partition coefficient) below 2 and are expected to remain in the water phase (Drewes et al. ) . Due to the fact that the mode of the discharge pattern of FRs to wastewater is site specific, concentrations of chlorinated alkyl-phosphates reported to occur in secondary treated wastewater effluents vary significantly.
SOURCES, DETECTION AND QUANTIFICATION OF PHENOLS, FRS AND PAES
All PAEs found in environmental matrices can be attributed to human activities. They are released from painted surfaces, a long time after the paint has been applied, and, because of improper disposal of waste, they are usually found in air, water, soils, and sediments (Li et al. ) . PAEs can also gas out in the atmosphere or enter directly into human body fluids through medical products (Zia et al. ) . The arbitrary discharge of wastewater from chemical, dyeing, mining and pharmaceutical industries would cause a serious environmental problem, due to the presence of complicated and considerable amounts of inorganic and organic pollutants. Zero release in wastewater discharge is not regularly practiced by most industries due to technical and economic limitations. These incompletely treated industrial effluents contain trace amounts of organic and inorganic pollutants that are discharged into nearest water bodies. Other sources of pollution by PBDEs, FRs, PAEs, etc. are the treatment plants, through the discharge of wastewater effluents and sludge, and contamination also results from manufacture, handling, use, and disposal of these chemicals. The presence of EDCs in seawater could be attributed to the transport of contaminated wastewater effluent by rivers into oceans and seas (Joseph et al. ) . The government policies on environmental management have therefore mandated all industries to properly manage their waste. These policies include the treatment of wastewater generated by these industries before it comes in contact with natural water streams.
Many analytical methodologies have been applied for the detection and quantitation of organic pollutants in water and wastewater; the majority of these methods involve an extraction procedure followed by instrumental analysis. The type of extraction, volume of water used, and type of analytical equipment used depend on the compounds to be analyzed and the source of the water (Snyder et al. ) . Analytical techniques commonly used in the determination of phenols are ultraviolet (UV) detection, highperformance liquid chromatography (HPLC) and capillary electrophoresis in combination with UV, electrochemical detection or mass spectrometry (MS) detection (Lewis ) . Liquid chromatography of phenols is generally carried out with the addition of acids or buffers to the mobile phase. Their function is to suppress the ionization of both the analytes and the residual silanols of the stationary phase base material, which otherwise would either decrease retention on the analytical column or lead to interactions of the analytes and the stationary phase, resulting in lower separation efficiencies ( 
REMOVAL OF PHENOLS, FRS AND PAES FROM WATER AND WASTEWATER
Phenols, FRs and PAEs treatment techniques frequently reported include adsorption, chlorination, ultrafiltration (UF), reverse osmosis (RO), microbial and advanced oxidation processes (AOPs). Adsorption is a very promising method for removing many micropollutants from water and wastewater systems. Bourgin et al. () investigated the chlorination of BPA and reported that chlorination is effective at removing BPA in drinking water within 10 min; however, several chlorination byproducts of BPA were revealed. Bourgin et al.
() affirmed therefore that the generated compounds have significantly lower estrogenic activity after 120 min of chlorination. Chen et al. () reported that chlorination is effective in the degradation of NP in raw water while conventional coagulation and rapid filtration processes were less effective in the reduction of phenolic compounds in water.
UF is a membrane water treatment technique in which pressure or concentration gradients leads to a separation of contaminants and water through a semipermeable membrane. Low-pressure hollow-fiber UF has gained increasing importance in water treatment technology, as a pretreatment for RO systems in the preparation of drinking or process waters (Zupancǐčet al. ). In UF, large molecular weight polymers, e.g. poly(vinyl alcohol), sulfonated poly (vinyl alcohol), poly(ammonium acrylate), poly(acrylic acid) and polyethylenimine, are linked with heavy metal ions to form macromolecular complexes. These metal complexes are therefore retained and concentrated by the UF membranes (Ennigrou et al. ) , such that no metal ions or polymer passes through the membrane during the filtration. Mierzwa et al. () investigated the direct treatment of drinking water by spiral-wound UF membranes and stated that their results provide substantial evidence of the technical feasibility of spiral-wound UF membranes for direct drinking water treatment. UF has been reported to be effective in the separation of dispersed or dissolved materials 2 to 200 nm (>1 nm) in size (Kawada et al. ) and the removal of turbidity, microorganism, a variety of water-borne viruses, and a certain amount of the dissolved organic matter (Song et al. ) . However, fouling is a major problem in the UF process. Pretreatment before UF, especially by coagulation, is therefore an effective way to control membrane fouling and improve water quality (Yu et al. ) . The application of amphiphilic polymer nanoparticle-enhanced UF process for the removal of phenol, 4-nitrophenol, etc. was reported by Noh et al. () . The combination of UF and activated carbon adsorption has been reported to be effective in the removal of toxic organic pollutants (Mozia & Tomaszewska ; Ivancev-Tumbas et al. ) .
RO is presently the most commonly used method of converting naturally available non-potable water (Srivathsan et al. ) and is now the leading desalination process used worldwide (Mezher et al. ) . RO can separate particles or molecules of dimensions higher than 0.1 nm (Qi et al. ) and it has replaced some of the thermal desalination technologies such as the multi-effect distillation, multistage flash distillation and vapor compression distillation due to its lower cost-intensiveness, higher quality of purified water, reduced plant size and simpler water treatment processes (Bae et al. ) . Nonetheless, RO, despite having numerous advantages over contemporary techniques, faces a major challenge of membrane fouling. Membrane fouling lead to increase in operation and maintenance costs due to the need for applying higher pressures as well as frequent membrane cleaning and replacement (Xu et al. ; Matin et al. ) , and membrane surface modification (via surface coating and grafting (Cheng et al. ) ) is therefore required to control and/or prevent fouling. Although, municipal wastewater effluent treated by RO produces highly purified water that can be used for landscape irrigation, industrial process water, and aquifer recharge, the RO method also produces a concentrated form of the wastewater effluent, which may contain high concentrations of contaminants such as trace organic pollutants, biological oxygen demand, chemical oxygen demand and pathogens that are not fully removed by the preceding biological treatment process (Hurwitz et al. ) . The removal of BPA from model solutions by selected nanofiltration and RO membranes was studied by Yüksel et al. () ; they reported that the polyamide-based membranes exhibited much better performance than cellulose acetate membrane for BPA removal.
Yeast wastewater treatment processes have attracted a great deal of attention worldwide. They have been applied for the treatment of acidic, high-carboxyhydrate, oil-rich, high-salinity, and ammonia-or sulfate-ridden high-organicstrength industrial wastewater. A yeast-based process has been used for the biodegradation of phenols present in industrial wastewater (Yang & Zheng ) . Cryptococcus terricola (Bergauer et al. ) is one of the yeasts reported in literature for the degradation of phenols and chlorophenols. Loffredo et al. () reported the use of ligninolytic fungi (Trametes versicolor, Stereum hirsutum and Pleurotus ostreatus) for the removal of BPA. Phanerochaete chrysosporium has been reported to have strong ability to degrade phenol and chlorophenols (Lu et al. ) .
The AOPs which oxidize complex organic pollutants into simpler end products or degrade them to CO 2 and H 2 O (Shannon et al. ) may be classified as photochemical or non-photochemical processes. Non-photochemical processes are ozonation in basic media (O 3 /HO À ), O 3 / H 2 O 2 , O 3 /ultrasound, H 2 O 2 /ultrasound process, Fenton (Fe 2þ /H 2 O 2 ) processes etc., while photochemical processes are O 3 /UV, H 2 O 2 /UV, O 3 /H 2 O 2 /UV, photo-Fenton (Fe 2þ / H 2 O 2 /UV) processes etc. The Fenton oxidation process has been successfully applied for the treatment of highly polluted industrial wastewaters (Munoz et al. ) . The degradation of BPA by the use of zero-valent iron/palygorskite composite materials via AOPs was reported by Xi et al. () . It has been noted that the photochemical degradation (pyrolysis) of PBDEs might convert PBDEs to highly toxic byproducts, such as polybrominateddibenzo-furans and polybrominateddibenzodioxins ( Jiang et al. ) .
An advanced O 3 membrane reactor that uses membranes for O 3 distribution, reaction contact and selective water separation has been used for the treatment of PAEs in water (Ho et al. ) , while the sorption onto a cyclodextrinbased material as well as in combination with advanced oxidation using a UV-O 3 process as pretreatment was applied for the removal of chlorophenols and alkylphenols from industrial effluents by Charles et al. () . They reported that high levels of pollutant removal were attained with the combined use of oxidation and sorption when compared with single treatment process. The application of O 3 for the removal of BPA from water and wastewater was reviewed by Umar et al. () . Umar et al. () opined that the degradation of BPA by O 3 leads to the formation of different byproducts which makes it difficult to compare the efficacy of the treatment processes reported in literature and that the situation is complicated when other organic matter are present. The use of Fe 3 O 4 magnetic nanoparticles for the catalytic oxidation of phenolic compounds from aqueous solution was investigated by Zhang et al. () ; they reported that the nanoparticles have good stability and reusability, and could be separated from solution by an external magnetic field. The preparation of nitrogen-doped K 2 Nb 4 O 11 for the photocatalytic degradation of BPA and PCP was reported by Qiu et al. () while the application of mesoporous mixed Fe 2 O 3 /TiO 2 photocatalyst for the degradation of 4chlorophenol has been reported by Palanisamy et al. () . Anchieta et al. () investigated the photodegradation of phenol molecules by the use of synthesized ternary zinc spinel oxides (Zn 2 SnO 4 , ZnAl 2 O 4 and ZnFe 2 O 4 ); they reported that Zn 2 SnO 4 oxide was the only ternary zinc spinel oxide that showed activity in the degradation of phenol molecules under solar irradiation, reaching removal of 100% at 240 min of reaction. However, ZnFe 2 O 4 also presented activity for the degradation of phenol under artificial UV-light (Valenzuela et al. ) . The use of silver-based oxides for photocatalytic applications has also received much attention (Kato et Hurwitz et al. () thus reported that the treatment of municipal wastewater RO concentrate by UV and electrochemical process alone resulted in 25% and 35% removal of dissolved organics after 5 h, respectively; however, the photoassisted electrochemical treatment degraded more than 80% of dissolved organics after the same treatment time. Westerhoff et al. () reported the fate of chlorinated FRs during a drinking water treatment process. Drewes et al. () in their studies of the occurrence of chlorinated FRs in wastewater-impacted stream and ground water under the impact of surface water reported that no removal of TCEP was observed during coagulation or softening; less than 10% removal of TCEP was observed during chlorination and ozonation of water samples, while activated carbon adsorption represented the most efficient process with removal exceeding 90% after addition of 20 mg/L powdered activated carbon and contact time of 4 h.
Electrical discharge methods of degradation include the pulsed corona discharge, barrier discharge, DC discharge and gliding arc discharge. The energy supplied into the discharge is used preferentially to create free electrons, which are used to produce ionization and excitation of the gas mixture components. Therefore, the generated gas phase radicals which are consumed in chemical reactions promote the desired conversion of pollutants (Cormier et al. ). A corona system is a process by which a current, perhaps sustained, develops between two high potential electrodes in a neutral fluid (Samanta et al. ) . The gliding arc discharge has a dual character of thermal and non-thermal plasma, and can involve relatively high electric powers compared with the corona discharge (Zhang et al. ) . It is a simple way to generate non-thermal plasma. The dielectric barrier discharge (DBD), also known as silent discharge or atmospheric pressure glow discharge, is a typical non-equilibrium high pressure gas discharge. The history, discharge physics, and industrial applications of DBD were detailed by Kogelschatz () . For a 2D simulation of microdischarge (DBD) development reported by Kogelschatz (), a rotational symmetry was assumed and two equation sets were used to describe the evolution of a microdischarge. The continuity equations for the charged species n i (electrons, positive and negative ions) with source and sink terms S i (describing ionization and attachment) were presented as follows:
v ¼ μE is the drift velocity, defined as mobility μ times electric field strength E, D i is the diffusion coefficient. E is also defined as the gradient of the potential ϕ, E ¼ À∇ϕ. It is related to the charge density ρ by the Poisson equation:
where ε is permittivity. Kogelschatz () stated that the equations are to be solved simultaneously in the discharge gap and inside the dielectric with appropriate boundary conditions at the interface.
Cormier et al. () described the plasma of a stationary arc reactor (used for the conversion of methane) by the energy equation in which transport properties are polynomial fitted as a function of plasma temperature (Equation (3)). Furthermore, the kinetics was described by Equation (4) in which the rate constant is a function of temperature.
The energy yield of degradation by an electrical discharge created in a parallel plane coaxial non-thermal plasma-DBD reactor is represented by Equation (5) 
C(g=L) is the concentration of the pollutant, V(L) is the volume of the solution, P(kW) is the power and t is the time.
According to Stryczewska et al. () , the arc discharge dynamic theory was worked out by Mayr and Cassie; likewise, the dynamic behaviour of the arc discharge is described by the voltagecurrent relationship (Equation (6)).
And in 1902, the first relation for dynamic voltage-current characteristic of the arc was given by H. Ayrton (Equation (7)); however, the Ayrton relation has been modified taking into account the geometry of the reactor's electrodes as well as the forced gas flow (Stryczewska et al. ) .
where u arc is arc voltage; A, B, C and D are experimentally determined constants; l arc is the arc discharge length and i arc is the instantaneous value of the arc current. DBD has been found to be effective for the degradation of phenols. The removal of phenol in water by pulsed high voltage discharge was reported by Kunitomo & Sun () . The degradation of 2-chlorophenol, 4-chlorophenol and 2,6-dichlorophenol by a plasma reactor based on a coaxial DBD has been reported by Dojcinovic et al. () . It was reported that the initial chlorophenols concentration of 20 mg/L diminished by up to 95% after one pass through the reactor. Gliding arc discharge assisted catalytic degradation of BPA in solution with ferrous ions was reported by Abdelmalek et al. () . Zhang et al. reported that the degradation rate of 100 mg/L phenol solution reached 98.4% after 15 min treatment with 170 V voltage, 0.5 mA current, and 5 mm dielectric distance. The mechanism of degradation was attributed to oxidation by hydroxyl radicals (Zhang et al. undated) . A critical review of the removal of phenolic compounds in water by low-temperature plasma was presented by Zhang et al. () . At present, there are very few reported works on the degradation of FRs and PAEs by electrical discharge methods.
CONCLUSION
Phenols, FRs, PAEs, PBDEs, etc. are frequently detected in wastewater discharged from municipal and industrial sources. The molecular structure of PBDEs is similar to polychlorinated biphenyls, polychlorinated dibenzodioxins and furans; hence, the physicochemical properties of these organics are similar, and result in their persistence, widespread distribution, bioaccumulation, toxicity and long-range transport. There is the need to reduce pollutant release by industrial and domestic activities, and lower the burden on natural water bodies through strict discharge standards and regulations. The stringent regulations will make industries find better treatment and/or reduce the quantity of effluent released. Excellent treatment performance at acceptable costs of the treatment plants should also be encouraged. AOPs such as ozonation, photolysis, catalytic ozonation, electrochemical oxidation and photocatalysis have been effectively used as advanced treatments to remove phenols, FRs, and PAEs in water and wastewater. However, transformation products might be formed that could sometimes be more toxic than the original pollutants. AOPs can also not be used to treat large volume of wastewater. The separation of photocatalyst particles from treated water and the aggregation of the suspended particles are major obstacles in photocatalysis. These problems could be overcome by mobilization of the photocatalyst upon suitable support. For the electric discharge methods, chemical mechanisms in high voltage transient discharges (DBD) and in non-thermal arc discharges (gliding, rotating and stationary discharges) lead to the production of active species needed for the degradation of pollutants. The presence of energetic electrons that excite, dissociate and ionize water molecules to form active species in non-thermal plasma drives degradation and mineralization. Lastly, additional data are needed to understand the relevance of phenols, FRs, PAEs, and other contaminant of emerging concerns in water and wastewater.
